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During the l as t  few years, concern over r adk . , l on  I;I'r'ect; of 

tr i t ium-labeled thymidine ( H  3 TdR) has permitted C iL -thymidine ($ 4 TdR) 

t o  be considered as p rac t i ca l ly  f r ee  of hazards i n  radiobiologic and 

other  metabolic s tudies  on deoxyribonucleic acid (DNA). McQuade and 

Friedkin (1) have shown t h a t  the radiations emanating from t h i s  mater ia l  

czn ca-de genetic damage, but l i t t l e  fu r the r  a t t en t ion  has been given t o  

i t s  possible " p i t f a l l s " .  

point out dangers i n  the use of C 

with c e l l  cul tures .  

thymidine t h a t  a r e  due, not t o  i ts  radioact ivi ty ,  but  t o  the f a c t  t h a t  

the  inherent low s-gecific a c t i v i t y  of the C!l4 compound requires high 

concentrations t h a t  cause metabolic imbalances and disturbances i n  

growth of cultured mammalian c e l l s .  

It i s  the purpose of t h i s  cominunication t o  
14 TdR i n  metabolic sbuciies, espec ia l ly  

!The r e s u l t s  t o  be presented describe e f f ec t s  of _-- 
/-  

METHODS AND PATERIALS 

To determine %he e f f e c t  of thymidine (or another nucleoside) on 

growth, HeLa S3 c e l l s  were inoculated in to  Leighton tubes a t  a3out 10 4 

ce l l s / tube  . 
of thymidine o r  o ther  nucleosides (Nutr i t ional  Biochenicals Corp. ), con- 

centrated so t h a t  t h e i r  addi t ion did not  appreciably expand the volume of 

the  medium, were added t o  give the concentrations indicated under Results. 

Controls consisted of tubes t o  which an amount of s t e r i l e  water, equal t o  

the  l a r g e s t  volume used f o r  solutions of the nucleosides, was used. 

th ree  days fur the? incubation, the ce l l s  i n  each tube were try-psinized 

with 0.5 m l  1 0  2e-r ,-.ent. t .wsin SDI, : 5 m  (MfcmhiclogicG ILssociates, 1m.I 

A f t e r  3 days incubation i n  Eagles I medium, s t e r i l e  solut ions 

After  

for t en  minutes; 0.5 m l  of Eagles' medium w a s  added t o  each tube, and a f t e r  
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jict i n  1,;nich had been dissolved (?'-thymidine (2.4 mc/mM, New England 

.';uclear) i n  concentrated solut ion s o  as t o  not appreciably alter the 

.. . - .  LzL S3 c e l s  v e r e  i nocda ted  i n t o  p e t r i  . .  
CULCC of thpl la ine.  

. -  zl~o:.;zd J C ~  in:yL-Ddi;-? ;;I z x ~ e s r  rixiiml i n  an stmosphere of 5;"; 

:-,-. ~ ' G T  18 ho-ms. TG each of srl:.; p:_etes IES Yfien added a con- 

c l u t l o n  0: thyxidine to m k e  10 pg/ml. Similarly,  s i x  p l a t e s  

de t o  contain 20 p ~ / x l ,  50 pg/d ,  and 100 p g / d  thymidine; 

:... ,;et cL' ;:ix p l a t e s  having media t o  vinich a volume of d i s t i l l e d  water 

. . c l _ u d  -;,a thrt carrying the thyfiicine i n  the t e s t  p l a t e s  acted as controls.  

/L;'-;er . . ~ -  - - > -  days, one-half cf all. the piate;  were removed from the in -  

cubator, end the c e l l s  on -then 5'i:ced an0 stelned; after f ive  and one- 

half &;?,y: the remaining one-half were t rea ted  s imilar ly .  

X I  each p i a t e  were randomly selected azid the number of c e l l s  i n  each 

Ten colonies 

5 o n y  determined, so that the average number of c e l l s  per  colony i n  a 

u c a i  a: 30 colonies per trea?;dca?-c ( 3  p la t e s  x 10 colonies per  p l a t e  

was computed. 

I n  experiments t e s t i n g  the  e f f ec t s  of thymidine on nucleic ac id  

metabolism, HeLa S3 c e l l s  i n  Eagles' medium were inoculated i n t o  T-30 

5 cel ls / f lask.  f l a sks  a% a concentration of about 2.5 x 10 After three 

days incubation the media were renoved frolr a l l  flasks and t o  one-half of 
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3 concentration of H -uridine in the medium. 

incubation, the media were removed and the cells extracted by the 

perchloric acid (PCA) method for separate analysis of the RNA and 

DNA, as described previously (2). The radioactivity of 0.2 m l  of 

extract was determined by dissolving in a scintillation mixture and 

counting in a Packard Tricarb Scintillation Spectrometer. 

with both C and H in the extracts, the separate contributions of 

each isotope were determined with the aid of internal standards and 

by means of simultaneous equations (2). 

nucleic acid were determined by measuring the optical density (O.D.) 

of the extracts at 267 r q ~  on a Beckman DU Spectrophotometer. 

separate experiments we have found that specific activities (as counts 

per minute per I ~ L  per O.D. unit) determined by this method were at 

least as reliable as those using standard colorimetric determinations 

of RNA by the orcinol method and of DNA by the indole method (3). 

After 2 to 2-1/2 hours 

In samples 
14 3 

The relative amounts of 

In 

RESULTS 

The effects of unlabeled thymidine on the growth of HeLa S3 cells 

were unexpected. Thymidine presumably stimulates mitosis in mouse gut 

cells (4); it is included in many m i a n  culture media; therefore, 

it was thought that thymidine would, if anything, stimulate growth. 

However, as Table I shows, the inclusion of this material in the medium 

always resulted in a decreased growth response. 

200 pg/ml thymidine was included in the medium. 

In the first experiment 

Even though this is a 
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7 ,ds -- ~ 1 - e  " - ZGi"ph0lOg~Cd ' ec t s  of exogenous thymidine 02 HeLa 

- _  
E..,, :eL-;. 'i"ne ::lost obvious effec-c i s  c e l l  enlargement, 'out there  does 

.;o be a ry  d i f f e r e n t i a l  izcrease I n  nuclear or cytoplasroic s i z e  
- 
ili r,:: ?xp?imfit compariag the e f f e c t  of thy-inidine with other  

s:sss, thyinidine e t  corxe?ntrations o f  10, 50, an6 100 pg/&, 

rkldine, deoxyadenosir,e, and &oxyguanosine, each a t  a con- 

c ;ii-crazio:. of 100 pg/ml, were ~es-ced .  

L cI"Icy 7 

cul ture .  

dose dependent, with the concentration of 10 pg/ml causing a small but  

s ign i f icant  depression i n  c e l l  count. 

s l i g h t l y  l e s s  than i n  the previous experiment. 

s:'.des were inhibi tory a t  100 pg/ml but the e f f e c t  of  deoxycytidine and 

5.:oxyadcnosine appeared t o  be not so  grea t  as t h a t  of thymidine, while 

L.? e f f e c t  oi' deoxyguanosine wzs the s m e .  The inclusion of e q u l  

G-..dalbb GI' Liie Twur ilucieosides -LG mke a T ' i n a l  concentration of 100 

p,-;/nl yielded results similar  t o  those observed with e i t h e r  thymidine 

All four deoxynucleosides to -  

a cocccntratisn of' 25 ~ 2 1 ~ 2 .  each, were tes ted ir, the  same 

Again the inhibi tory response of the c e l l s  t o  thymidine was 

, -  

The e f f e c t  of 100 p g / d  was 

A l l  of the deoxynucleo- 

".  ^ . . . ^A_ 
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o r  deoxyguanosine alone. 

The f i n a l  experiment of t h i s  kind again t e s t ed  graded doses of 

thymidine and a l s o  t'ne e f f ec t  of three ribosides:  adenosine a t  100 pg/ml, 

cyt idine a t  50 pg/ml, and uridine at 10 yg/ml. 

because of i t s  l o w  so lubi l i ty .  

of thymidine. 

t h a t  of 10 yg/ml is .  

Guanosine w a s  not t e s t ed  

The results again demonstrated the  e f f e c t  

The e f f e c t  of 1 pg/ml thymidine i s  not s ign i f icant ,  bu t  

Adenosine and cyt idine did not appear t o  be as 

growth inh ib i tory  as thymidine, bu t  uridine,  a t  10 pg/ml, gave a response 

very similar t o  t h a t  of thymidine a t  the  same concentration. 

The r e su l t s  of the experiment t e s t ing  the e f f ec t s  of thymidine on 

Here 10 the  average number of c e l l s  per  colony a r e  shown i n  Table 11. 

pg/ml does not appear t o  a f f e c t  growth, and the  e f f e c t  of 20 pg/ml, 

although suggestive, i s  not s ign i f icant ly  d i f f e ren t  from the control .  

The e f f e c t s  of 50 pg/ml and 100 pg/ml are s igni f icant ,  and the  inh ib i -  

t i ons  agree remarkably well with hemocytometer data, espec ia l ly  s ince 

the two kinds of experiments were performed independently i n  labora-  

t o r i e s  on opposite s ides  of the USA. 

The e f f ec t s  of thymidine i n  the medium'on the  uptake of H 3 -uridine 

i n t o  DNA and RNA are surprising. Thymidine markedly inh ib i ted  the uptake 

of H 3 -uridine i n t o  RNA (Table 111). Since thymidine i s  not used i n  RNA 

synthesis,  t h i s  r e s u l t  w a s  ra ther  disconcerting. Furthermore, even 

though an inhib i tory  e f f ec t  of thymidine on the incorporation of H 3 - 

. 
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t h i s  e f f ec t  with large mounts of thyiaidine w a s  unexpected. 

DISCUSSION 

After the discovery by Reichard i n  1951 (5) of thymidine as a 

specif ic  precursor of deoxyribonucleic acid (DNA) and especial ly  since 

i t s  "rediscovery" by Friedkin (6), t h i s  compound has been used i n  so 

many studies on DNA metabolism t h a t  a l i s t  of the papers would require 

more space than t h a t  taken by t h i s  report .  

compound has come about as the resu l t  of the preparation of tritium- 

labeled thymidine (H TdR), f i r s t  accomplished by Hughes, i n  1956 (7). 

The greatest  use of the 

3 

Even before i t s  preparation, the poten t ia l  radiation e f f ec t s  of . 
3 H TdR were real ized - indeed, the i n i t i a l  purpose f o r  i t s  preparation 

was  i n  order t o  study the e f fec t  of radiat ion exclusively t o  the genetic 

material  (8).  In  the las t  f ive years an appreciable number of reports  

have appeared, showing conclusively t h a t  H'TdR does indeed exert  radio- 

biologic e f fec ts  as a resu l t  of i t s  incorporation in to  DNA (9-12) .  

reports  of i t s  adverse e f fec ts  a r e  somewhat a rb i t r a ry  (13, 14) and one 

a r t i c l e ,  while pointing out g possible p i t f a l l  of H TdR, emphasizes i t s  

value i n  detect ing a radiobiologic e f f ec t  t h a t  could not have been noted 

with C l k r d R  (15). Our own work, using the s ingle  c e l l  p la t ing  technique 

with HeLa c e l l s ,  has quantitatively measured the l e t h a l  e f f e c t  of H TdR 

Other 

3 

3 

(16, 17). However, the work reported i n  the accompanying a r t i c l e  (18) 

also shows t h a t  with short  incubations, H TdR can successfully be used 

as a t r a c e r  f o r  DNA metabolic smdies  without affect ing v i ab i l i t y .  

3 
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One of the four basic requirements of radioactive t racers ,  

delineated by Kamen (lg), i s  t h a t ,  "abnormalities i n  metabolism 

as 

must 

not be brought about through the action of the isotopic  sample on the 

organism". 

C14-thymidine, a t  concentrations often used i n  c e l l  cul ture  media, does 

not f u l f i l l  t h i s  requirement. 

suggests t h a t  the inh ib i t ion  of growth r e s u l t s  i n  c e l l  death. Even i f  

c e l l  death i s  not the  inevi table  r e su l t ,  the  very marked decrease i n  

c e l l  counts and the morphologic response of c e l l s  exposed t o  thymidine, 

espec ia l ly  a t  l eve l s  of 100 pg/ml or more, make it c lea r  t h a t  carefu l  

controls  m u s t  be included i n  experiments using it i n  appreciable amounts. 

It i s  in t e re s t ing  t o  point out here that while it is necessary t o  use 

100 pg/ml of the C I 4  labeled material t o  obtain 1 pc/ml, only 0.035 pg/ml ' 

of H TdR (6.7 c/mM, as now obtainable) i s  required t o  give the same ac-  

t i v i t y .  

It i s  qui te  obvious, from the r e s u l t s  presented here, t h a t  

One experiment i n  the accompanying report  

3 

3 The e f f e c t s  of exogenous thymidine on the incorporation of H -uridine 

i n t o  D M  and RNA appeared anomalous. 

these r e s u l t s  for p a l i c a t i o n ,  the work of Morris and Fischer (20) and 

Morris, Reichard, and Fischer (U)  was published. 

a s t ra in  of'murine mast c e l l  neoplasm c e l l s  and a murine leukemic lympho- 

b l a s t ,  showed t h a t  thymidine inhibi ted growth by suppressing the conversion 

of cy t idy l ic  ac id  t o  deoxycytidylic acid,  thus depressing the r a t e  of DNA 

However, during the preparation of 

These workers, using 

S ~ t h p s i s =  %-e>.  SO r e p r + &  81: i~kA, , ib i t~~i  e f fec t  of thp id l i ie  Oi i  E i A  

synthesis .  The inh ib i t i on  of DNA synthesis i n  t h e i r  s tudies  w a s  much 
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grea te r  than the inh ib i t ion  of RNA synthesis;  i n  t h i s  respect out 

r e s u l t s  a r e  somewhat d i f f e ren t  since i n  two of our experiments the  

depressions of DNA and RNA synthesis were about the same. Nevertheless, 

our results confirm and extend those of these workers; undoubtedly the  

basis of the inh ib i t ions  i n  HeLa S3 c e l l s  a r e  the  same as i n  the  c e l l  

systexs studied by them. We have found t h a t  thymidine exerts  similar 

growth inh ib i tory  e f f ec t s  i n  a s t r a i n  of Chinese Hamster c e l l s  (DFAF- 
- 

33, kindly supplied t o  us by Dr. G. Yerganian), so  t h a t  the phenomenon 

appears t o  be generally d is t r ibu ted  among many kinds of cultured man- 

malian c e l l s .  

This metabolic defect  does not, by i t s e l f ,  adequately explain the  

H i g h  concentra- 

..XI 

moqhological response of H e L a  S3 ce l l s  t o  thymidine. 

t ions  of thymidine apparently inh ib i t  t he  process of c e l l  d i v i s l \  

i n  t h i s  way a re  reminiscent of ionizing rad ia t ion  i n  producing g i an t  

c e l l s .  Morris and Fischer (20) reported that the  inh ib i t ion  caused by 

thymidine i n  excess of about 10- M were not  a f fec ted  by deoxycytidine, 3 

and that the mechanism of inhibition by these concentrations was unknown. 

SUMMARY 
14 

Experiments have been performed with C thymidine o r  unlabeled 

thymidine added t o  HeLa S3 c e l l  cultures growing i n  Eagle's medium. 

The r e s u l t s  show t h a t :  1) Thymidine in  the  cu l ture  medium causes a 

concentration-dependent inh ib i t ion  of growth, with e f f ec t s  being s i g n i f -  

Icaiii a t  i eve i s  as low as 10 pg/ml. 2 )  Thymidine i n  the medium reduces 
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3 the incorporation of H -uridine into both DAW and RVA. The s f f e c t  

on incorporation i n t o  RE-. Is unexpectedly great .  

added singly or together t o  the medium, cause e f f e c t s  similar t o  those 

induced by thymidine. 

3) Other nucleosides, 

?"ne r e s u l t s  are discussed i n  r e l a t ion  t o  the r e l a t i v e  merits of 

14 3 C and H -labeled thymidine as t r ace r s  i n  metabolic and radiobiologic 
\ 

studies  on the nucleic acids.  



3 
1. H. A. -'c:Qua.de, and M. Friedkin, Radiatlon e f l e c t s  of H -thymidine 

14 
aid C -thymidine. Exptl. Cell Research 21, ~ 8 - 1 2 5  (1960). 

2. R. B. Painter,  The d i r e c t  e f f ec t  of X-irradiation on HeLa S3 

deoxyribonucleic acid synthesis. Radiation Research 846-859 

(1962) 

3. Z .  Dische, i n  The Nucleic Acids, Volume I, Chapter 9, pp 285-305, 

Ed. E. Chargaff and J. N.  Davidson, Academic Press, New York, 

1955 

4. R.  C .  Greulich, I. L. Cameron, and J. D .  Thrasher, Stimulation of 

mitosis  i n  adul t  mice by adninis t ra t ion of thymidine. Proc. N a t .  

Acad. Sc i .  Q, 743-748 (1961). 

5 .  P. Reichard, and B. Estborn, TJtilization of deso-xyribosides i n  the  

synthesis of polynucleotides. J. Bio. Chem. -J 188 839-846 (1951). 

M. Friedkin, D. Tilson, and D. Roberts, Studies of deoxyribonucleic 6. 
14  

acid b i o s p t h e s i s  i n  embryonic tissue w i t h  C -thymidine. J. Bio. 

Chem. 220, 627-637 (1956). 

7. 
8.' 

9. H. A. Johnson, and E. P. Cronkite, The e f f e c t  of t r i t i a t e d  thymidine 

Brookhaven National Laboratory Annual Report, July, 1957. 

W. L .  Hughes, Personal communication. 

oa mouse spermatogonia. Rad. Research. - 11, 825-831 (1959). 

10.  J. Grisham, Inhibi tory e f f ec t  of t r i t i a t e d  Thymidine on regenera- 

t i e n  of +'hn 1 i - r - n  5s +I-,- ------* yuw16 --+ L a u .  D--- A I U L .  SOC. E ~ g t i .  Sivi. MeC. 
U A b  & & " L A  



11. R. C .  Greulicn,  Deleterious influence of o r a l l y  administered 

t r i t i a t e d  thymidine on reproductive capacity of mice. 

Research 14, - 83-95 (1961). 

Radiation 

12. D. C. Wimber, Chromosome breakage produced by tri t ium-labeled 

-ihyxdine i n  Tradescantea paludosa. Proc. N a t .  Acad. Sei. U. S .  

3, 839-8u (1959). 

13. W. Plaut,  The e f f e c t  of t r i t im on the in te rpre ta t ion  of Auto- 

radiographic studies on chromosomes. Lab. Invest  8, 286-295 (1959). - 
14. P:. Krause, and W. Plaut,  An e f f ec t  of chloramphenicol on the incor- 

poration of t r i t i a t e d  thymidine i n t o  chromosomal DNA. Biochim. 

Biophys. Acta ,J 42 179-180 (1960). 

15. E. Hell, R. J. Berry, and L .  G. Lajtha, A p i t f a l l  i n  high spec i f ic  

a c t i v i t y  t r ace r  studies. Nature I&, 47 (1960). 

16. R.  M. Drew and R.  B. Painter,  Action of t r i t i a t e d  thymidine on the  

clonal growth of maxmlian c e l l s .  Radiation Research 11, 535-544 - 
(1-959) ' 

17. R.  i4. Drew and R.  B. Painter,  Further s tudies  on the  clonal growth 

of HeLa S3 cells treated with t r i t i a t e d  thymidine. 

Research 16 -J 303 -311 (1962) 

Radiation 

18. R. M. Drew and R. B. Painter ,  The me of thymidine i n  s tud ies  with 

mmmalian c e l l  cul tures .  I. Clonal growth of HeLa S3 cul tures  

a f t e r  short  incubations with tritium labeled thymidine. Radiation 

Research (1963 1 
19. M. D. Kamen, Isoto?sic t r ace r s  biology, 3rd ed., p. 136, Academic 

Press, New York, 1957.- 



20. N. R. Morris and G. A. Fischer, Studies concerning the inhibition 

of cellular reproduction by deoxyribonucleosides . I. Inhibition 
of the synthesis of deoxycytidine by a phosphorylated derivative 

of thymidine. Biochim. Biophys. Acta -, 68 84-92 (1963). 
21. M. R. Morris, P. Reichard, and G. A Fischer, Studies concerning 

the inhibition of cellular reproduction by deoxyribonucleosides. 

11. Inhibition of the synthesis of deoxycytidine by thymidine, 

deoxycytidine and deoxyguanosine. Biochim. Biophys . Acta 68, 

93 -99 (1963 ) 



T A B E  I 

'ME EFFJCT OF 3-DAY INCUBATIOXS WiTiI T6YMIDINE ATXD OTHER NUCLEO- 
SIDES ON THE GROWTH OF IIE;zA C,ZLLS, MEASURED BY TOTAL 

\ CELL COUNTS IN HENACYTOmTERS 

Cell co t/d n mper5.zsnt 
No. Nucleoside p. g / d  ( a 0 3 1  % Depression 

1 None O( Control) 44.2 + 1.8 - 
Thymidine 200 12.2 7 - 0.7 72 

~ 2 . 2  i 2.9 - 2 None O( Control) - 
Thymidine l l  20 81.5 -i- 2.5 . 27 

100 25.0 7 1.2 78 
I I  500 17.3 0.8 85 

1000 13.5 - 1.2 aa 
I I  

3 None O( Control) 
Thymidine 10 

50 
100 

Ceoxycytidine 100 
Deoxyadenosine 100 
Ceoxyguanosine 100 

I t  

11 

All 4 25 (each) 

76.9 + 3.6 
63.5 7 3.0 
50.4 'T 2.5 
31.1 1.9 
57.6 5 3.7 

35.7 z 3.1 

46.4 + 5.2 
31.1 7 2.7 

35 
60 
25 
40 
60 
54 

4 ' None O( Control) 
Thymidine 1 

10 
100 
1000 

Uridine 10 
Adenosine 100 
Cytidine 50 

I1 

I t  

I I  

75.6 + 3.2 - 
67.9 T 2.6 10 
58.5 i 3.3 22 
28.2 + 1.8 63 
10.9 t l . 0  86 
61.1 7 3.0 1 9  
53.2 t 4.5 30 
64.7 3.4 14 



TAILE I1 

DEVZLO€?GLT OF COLONY SIZE AS A FKTZTIOX OF TIDE 
OF GROWTH I N  EAGLES' K?,DILIN WITH VARYING 

COXCENTRATIONS OF TTlYNlDINE 

C e l l  E: /c olony 

3 days incubation 

Cells/c olony 

5 -1/2 days incubation 
a f t e r  a f t e r  

o ( Control ) 
10 
20 
50 
100 

9.0 4- 1.0 
8.7 t 0.8 
6.9 T 0.6 
6.3 T 0.5 
4.8 7 - 0.3 

26.8 - + 3.3 
26.6 2 2.8 - 
22.1 i 3.0 
13.7 7 1.7 
10.8 7 - 1.6 





CAPTIONS 

Figure 1. 

HeLa S3 c e l l s .  One of the mitot ic  

c e l l s  appears abnormal, and some c e l l s  seem s l i g h t l y  enlarged, but most 

c e l l s  appar  unaffected; C - 100 vg/ml. thymidine. 

enlarged; D - 1000 pg/ml thymidine. 

s t re tch ing  i s  obvious. 

The e f f ec t  of exogenous thyrcidine on the  morphology of 

A - Control; B- 2 C  pg/ml thymidine. 

The c e l l s  a r e  qui te  

The c e l l s  are l a rge  and c e l l  
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